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UNLV Research Foundation
High Temperature Heat Exchanger (HTHX) Project
Quarterly Report (January 1, 2005 to March 31, 2005)
1.0 HTHX FY05 2nd Quarter Highlights
•

•

•

•

•

•

•

Quarterly Collaboration Meeting. Ceramatec, Inc. hosted a UNLVRF HTHX Project
quarterly meeting on March 17 in Salt Lake City, Utah. The purpose of the meeting was to
promote collaboration and communication among the UNLV Research Foundation partners.
Collaborators had the opportunity to discuss their research program plan and update their
progress. The next meeting will be in June in San Diego City hosted by General Atomics.
HTHX Computational Design (UNLV). The work on the three-dimensional numerical
simulations for design optimization of the off-set strip fin compact heat exchanger design
continued. The final results and report are expected next quarter. Stress analyses are being
performed on this design using ANSYS. Sulfuric acid decomposition was modeled in a straight
tube whose inner wall is coated with platinum catalyst. Preliminary results indicate 31% SO3
decomposition for the simple geometry, future work will be focused on design options for
bringing decomposition to completion.
HTHX Validation Testing (UNLV). A new work package ID05SS19 entitled “High
Temperature Heat Exchanger Experimental Facility Design” was submitted on the PICS system
and is awaiting approval. Students are proceeding with literature review and several meetings
with collaborators from design groups have taken place. Experimental surrogate working fluids
were investigated, such as low pressure and temperature water and helium for Flinak and high
pressure helium.
Metallic Materials Testing (UNLV). Stress Corrosion Cracking (SCC) testing of Alloy C-22,
Alloy C-276 and Waspaloy in an aqueous environment containing sulfuric acid and sodium
iodide at 90oC using the slow-strain-rate (SSR) technique is complete. SCC testing under
constant-loading condition involving smooth and notched cylindrical specimens of all three
alloys has been completed in a similar aqueous environment.
Composite Material and Thermal Design Studies (UC Berkeley). Melt Infiltration (MI)
material high pressure helium permeation testing verified very good helium hermeticity of
several types of MI composite materials; Young’s modulus of three types of MI materials were
measured; Test coupons made of FR-SiSiC, SB-SiSiC, and BioKer were sent to GA for HI
corrosion tests; Whole HX plate isothermal stress analysis has been updated with new material
properties.
HIx Materials Screening (GA). The level 2 milestone for the installation of a test apparatus for
the studies on the effect of materials processing on corrosion properties and initiate testing was
completed on schedule. In this quarter, 16 different material candidates were screened, 7 more
than originally planned. This was accomplished by using a dual chamber capsule so that 2
coupons can be tested at the same time. In all, a total of 22 different materials have been
screened at the boiler condition. Results are reported under Section 5, below.
Catalyst Alloys (MIT). A series of alloy 800HT plus Pt and alloy 617 plus Pt alloys have been
defined, melted and the as-cast structure characterized during this quarter. The impact of
increasing the amount of a noble metal like platinum on enhanced corrosion resistance is evident
in observation of the microstructure.
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•

Efficient Ceramic Heat Exchanger Materials and Design (Ceramatec, Inc.). A preliminary
list of candidate ceramic materials has been selected based on the material, thermal and
mechanical properties of these materials. Revision 1.0 designs have been established for the gas
to gas components of the sulfuric acid decomposer in the SI process. A plan has been set forth in
collaboration with UNLV to analyze and test these designs. Initial silicon carbide corrosion
samples have been delivered to General Atomics (HIx exposure) and Sandia National Labs
(sulfuric acid exposure). The visual results for the HIx exposure tests indicate that silicon
carbide does not corrode in HIx solutions. The sulfuric acid test coupons are slated to be tested
in May.
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2.0 UNLV Design and Testing Group
The University of Nevada, Las Vegas Design and Testing Group supports the following two activities in
the UNLVRF High Temperature Heat Exchanger (HTHX) Project:
• HTHX Thermal Systems Design
• Scaled HTHX Tests

2.1 HTHX Thermal Systems Design (PI: Yitung Chen, UNLV)
2.1.1 HTHX Thermal Systems Design Objective and Scope
The HTHX design studies have the following objectives and scope:
• Work with the U.S. Department of Energy Office of Nuclear Energy, Science and Technology
(DOE NE) nuclear hydrogen research and development program elements on high temperature
systems studies for hydrogen production.
• Identify the range of HTHX applications for Gen IV hydrogen production.
• Develop thermal systems concepts/designs and overall heat/mass balances for the range of Gen
IV power conversion and hydrogen production concepts.
• Develop design specifications for the intermediate heat exchanger and other HTHXs used in the
conceptual designs.
• Undertake thermal hydraulic systems numerical modeling to establish and analyze temperature,
pressure, and flow rate requirements.
• Perform thermal, thermal hydraulic, and structural analyses for selected advanced HTHX
concepts for hydrogen production.
• Deliver detailed design for candidate intermediate heat exchanger concepts and materials for
hydrogen production requirements.

2.1.2 HTHX Thermal Systems Design Highlights
•

•
•
•

•
•

3-D Model Development of a Baseline Compact HTHX. The work on the three-dimensional
numerical simulations for geometrical design optimization of the baseline heat exchanger using
UC Berkeley dimensions with He-Flinak as the working fluids were continued. Final results are
expected by the end of May.
Design optimization is being carried out using a shorter heat exchanger to cut computational run
times down from over a week to only a few days. Since relative parameters are of interest, this
shortcut is deemed acceptable.
Mechanical and thermal stress analyses were conducted for single and multiple sections of the
heat exchanger using ANSYS. The boundary conditions for the temperature were obtained from
FLUENT results. The material properties are for fiber reinforced SiSiC.
It was found that the maximum thermal stresses results are bigger than yield point (10 MPa for
the Fiber Reinforced SiSiC material) for all of the cases. Therefore, this material (SiSiC) may be
unsuitable for the heat exchanger. The maximum stresses for the heat exchanger occurred in the
connection place between fins and plates (fractures would occur in these locations).
The difference in stresses between the rectangular geometry and geometry with curved edges is
small therefore the rectangular geometry with brick elements (for minimization of nodes and
elements number) can be used in the future calculations.
Assuming elastoplastic stress-strain SiSiC material behavior, the stresses are less as compared
with elastic behavior. However, this assumption does not work for most ceramic materials
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•

because the material should crack after reaching its yield point. Therefore, we may not be
justified in using the elastoplastic behavior for calculations.
Model Development for H2SO4 Decomposer. Research continued on the sulfuric acid
decomposer heat exchanger. Sulfuric acid decomposition was modeled in a straight tube whose
inner wall is coated with platinum catalyst. Preliminary results indicate 31% SO3 decomposition
for the simple geometry. The temperature difference from inlet to outlet is 196oC and the total
pressure drop is 40 Pa. Future work will be focused on design options for bringing
decomposition to completion.

2.1.3 HTHX Thermal Systems Design Technical Summary
Baseline Compact High Temperature Heat Exchanger
(1) Design Optimization Studies:
Heat exchanger design optimization was conducted using the baseline geometry as the reference
case and all results were normalized to the pressure drop of the baseline case. The data points
generated were used to understand the impact of the fin thickness, gap length, and channel height
graphs, Figures 1, 2, and 3, respectively, on pressure drop. The graphs for the fin length and
pitch in the x-direction required no adjustment, because they were straight lines.
3-D Parametric Study
1
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•
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Figure 1: Fin thickness (mm) vs. normalized pressure drop
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3-D Parametric Study
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Figure 2: Gap length (mm) vs. normalized pressure drop

3-D Parametric Study
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Figure 3: Channel height (mm) vs. normalized pressure drop
(2) Overall Heat Exchanger Optimization Studies:
•

The evaluation of the heat exchanger’s overall performance was begun by constructing a test
matrix, and then running the appropriate cases. However, due to computational limitations it
took a single case approximately fourteen days to fully converge. Therefore, an investigation
into reducing the computational time was made. The results of this investigation revealed that
6

•

the time step for each iteration could be reduced by 50%, if Fluent is ran through a parallel
processor. Also, the time step for each iteration could be reduced further by solving the flow and
turbulence equations first, and then solving the energy equation. By solving the flow and
turbulence equations separately the time to reach a converged solution could be reduced by
approximately three days. However, there is a numerical difference associated with the energy
equation when solving the flow and turbulence equations apart from the energy equation. This
then means that the results from the energy equation are 1.2% larger than the benchmark case.
The 1.2% difference from the aforementioned investigation is small enough to be acceptable, but
it was decided that an alternative method for shortening the convergence times also be
investigated. So studies into making the HTHX shorter than the 37 module base case were
conducted. The three shorter sizes used were 18 modules, 9 modules, and 4 modules long. This
translates into three heat exchangers that are 1/2, 1/4, and 1/9 the length of the benchmark case,
respectively. All three cases converged in approximately 80,000 iterations, or in half the number
of iterations it currently takes for a 37 module heat exchanger. And it took all three cases only 4
days to converge, or approximately 1/4 of the time it takes to run the current 37 module heat
exchanger. The results from this study are shown in Table 1, but it should be noted that only the
pressure drop values can be scaled.
Table 1: Results from the shortened heat exchangers
∆P (kPa)

Scaled ∆P (kPa)

Helium Flinak Helium
Benchmark
18 Module
9 Module
4 Module
•

23
11
5.6
2.5

8.5
4.2
2.1
0.9

23
22
22
23

LMTD (K)

Flinak
8.5
8.4
8.4
8.3

34
63
110
186

Thermal Power
(MW)
Helium

Flinak

51
48
42
33

51
48
42
32

There are some discrepancies associated with using a shortened heat exchanger and then scaling
the pressure drop values. In fact, the scaled pressure drop values for the applicable cases, the 18
and 9 module cases, are smaller than the base case by 1%. However, using a shortened heat
exchanger is ideal for shortening the convergence times, because any heat exchanger longer than
18 modules produces no significant increase in thermal power, Figure 4. Also, the shortened 18
module heat exchanger is associated with the most significant decrease in computational time,
approximately ten days per case, and there is no significant effect on either the pressure drop or
thermal power results. Twelve different cases have now been completed by using the 18 module
heat exchanger. And these cases include changes in fin thickness, with increases and decreases
on both the liquid salt and helium sides. As well as increases and decreases to the channel height
on the helium side.

7

Heat Exchanger Length vs. Thermal Power
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Figure 4: Heat exchanger length (modules) vs. thermal power
(3) Mechanical and Thermal Stress Analyses:
•

•
•

•

•

The geometries of the HTHX stress analysis for 4 cases (case 1 - one section of the rectangular
geometry, case 2 – one section of the rounded geometry, case 3 - one section of the rounded
geometry with manufacturing geometrical effects, case 4 – sixteen sections of the rounded
geometry with manufacturing geometrical effects) were transferred to ANSYS.
The meshes (with tetrahedral elements, 20 nodes) for these 4 cases were created in ANSYS (see
Figure 5). The type of tetrahedral mesh was used because of the geometry complexity. It is very
hard to use regular mesh structure (like brick elements) for geometry with curved edges.
The thermal analysis for the 4 cases was performed using ANSYS (version 9.0). The boundary
conditions for temperature were obtained from CFD simulation and heat transfer analysis using
Fluent software. Based on the CFD results the maximum temperature difference between the
helium side and fluid salt side is about 100 K, the longitudinal temperature difference for one
section in each side is about 10 K. Therefore a uniform temperature distribution on boundaries
for liquid salt side and helium side was chosen. Temperature difference between liquid salt side
and helium side is 100 K, temperature of the helium side is 1000 K, and temperature of the liquid
salt side is 900 K. The results of the thermal analysis are shown in Figure 6. The material
properties of the solid material (Fiber Reinforced SiSiC) were used according to Table 2.
The stress analysis for all of 4 cases was performed using ANSYS (version 9.0). The
displacement restriction principle has been used to provide the maximum value of the free
expansion of the HTHE (see Figure 7). The results of the stress analysis without applying
pressure are presented on Figure 8. The results of the stress analysis with applying pressure are
presented in Figure 9.
The stress analysis for the heat exchanger geometry based on the elastoplastic stress-strain
material behavior (for case 1 and case 2) has been performed using ANSYS (see Figure 10).
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Case 1 (44197 el. 69360 nodes)

Case 2 (42742 el. 68674 nodes)

Case 3 (48098 el. 79033 nodes)

Case 4 (62101 el. 106707 nodes)

Figure 5: Computational mesh
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Case 1

Case 2

Case 3

Case 4
Figure 6: Temperature distributions
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Table 2: Material properties
Name of the material
Fiber Reinforced
SiSiC
Young Modulus
60 GPa
Mass Density

257 kg/m3

Poisson Ratio

0.2

Thermal Expansion Coefficient

3⋅10-6 1/K

Thermal Conductivity

20 W/(m⋅K)

Specific Heat

675 J/(kg⋅K)

Case 1

Case 2

Case 3

Case 4
Figure 7: Displacement restrictions
11

Case 1

Case 2

Case 3

Case 4

Figure 8: Von Mises Stress, Pa (without applying pressure)
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Case 1

Case 2

Case 3

Case 4

Figure 9 Von Mises Stress, Pa (with applying pressure)

13

Case 1

Case 2

Figure 10: Von Mises Stress (Pa) (for using Nonlinear Stress-Strain Relation)
•
•
•
•

It is found that the maximum thermal stresses results are bigger than yield point (10 MPa for the
Fiber Reinforced SiSiC material) for all of the cases (see Figure 9). Therefore, this material
(SiSiC) may not be suitable for the heat exchanger.
The maximum stresses for the heat exchanger occurred in connection place between fins and
plates (the fractures can occur in these locations).
The difference in stresses between rectangular geometry and geometry with curved edges is
small therefore the rectangular geometry with brick elements (for minimization of nodes and
elements number) can be used in the future calculations
Assuming elastoplastic stress-strain SiSiC material behavior, the stresses are less as compared
with elastic behavior. However, this assumption does not work for most ceramic materials
because the material should crack after reaching its yield point. Therefore, we may not be
justified in using the elastoplastic behavior for calculations..

Sulfuric Acid Decomposer
(4) Sulfuric Acid Decomposition Heat Exchanger Design:
•

A two-dimensional numerical model for the problem involved with dissociation of sulfur trioxide
in a reactor tube whose inner wall is coated with platinum has been studied. The reactions
considered for the problem are:
1. Forward wall surface reaction
SO3→ SO2 +1/2 O2
2. Volumetric reaction which include backward reaction
SO3↔SO2 + 1/2O2

•

Some of the inputs required to simulate the problem are calculated and the remaining are taken
from different sources. Inlet velocity of the reacting mixture is calculated using the ideal gas
relationship based on 0.8 moles/min flow rate of sulfuric acid through the reactor tube of
diameter 0.0127m and length 0.5m. Temperature and pressure of the gas mixture at the inlet of
14

•

the reactor tube are arbitrarily taken as 600oC and 7atm. Activation energies are different for
both the reactions. Activation energy for non-catalyzed sulfur trioxide dissociation is taken from
NIST Chemical Kinetics Database and activation energy for the dissociation of sulfur trioxide in
the presence of catalyst ALFA-4 is taken from “Design Studies of Sulfur Trioxide
Decomposition Reactor for the Sulfur Cycle Hydrogen Production Process.” S.S.LIN and R.
FLAHERTY. Int. J. Hydrogen Energy, Vol. 8, No. 8, pp.589-596, (1983).
Constant binary mass diffusion coefficients for six pairs of species, SO3-SO2, SO3-H2O, SO3-O2,
SO2-H2O, SO2-O2 and H2O-O2, are calculated at different temperatures using Fuller, Schettler,
and Giddings relation (Perry’s Chemical Engineering Hand Book, Sixth Edition). The calculated
binary mass diffusion coefficients values for each pair of species are curve fitted to a thirddegree polynomial using MATLAB 7.0.1. Those polynomials are used in modeling the species
transportation. Some of the boundary conditions used in modeling the problem are shown in
Table 3.
Table 3: The boundary conditions used in modeling
INLET
OUTLET

WALL

Velocity Magnitude (m/s)

2.57

-----

-----

Temperature (k)

873

-----

1143

Mass Fraction of SO3

0.8164

0.5

-----

Mass Fraction of H2O

0.1836

0.1836

-----

Mass Fraction of SO2

0

0.3

-----

Gauge Pressure Outlet (pa)

-----

700000

-----

•

Summary of results for the above discussed numerical model is shown below.
1. Percentage decomposition of SO3 is 31% at outlet
2. Temperature difference from inlet to outlet is 196oC
3. Total pressure drop is 40 Pa

•

Figure 11 shows the zoomed view of the contours of molar concentration of sulfur trioxide at
outlet. One can clearly see the variation in concentration of sulfur trioxide from the wall to the
center of the reactor tube. Dark blue region close to the wall surface indicates very less
concentration of sulfur trioxide and dark read region towards the center of the reactor tube
indicates the higher concentrations of sulfur trioxide.
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Figure 11: The contours of molar concentration of sulfur trioxide (kgmol/m3)
•

From the above figure it can be found that the dissociation of sulfur trioxide is occurring only at
the wall surface because of the presence of catalyst on the wall. Figure 12 shows the zoomed
view of contours of molar concentration of sulfur dioxide where the concentration of sulfur
dioxide is more at the walls and is less towards the center of the reactor tube. A similar pattern is
observed with the contours of molar concentration of oxygen.

Figure 12: The contours of molar concentration of sulfur dioxide (kgmol/m3)
•

Figure 13 is a plot between mass fraction along the y-axis and length of the reactor tube along xaxis which shows the fact that sulfur trioxide dissociation is 100% at the wall. Mass fractions are
plotted for 5 different lines/radii which includes axisymmetry y = 0, y = 0.002, y =0.004, y
=0.006 and wall y = 0.00625 along the length of the tube.
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Figure 13: The mass fraction of sulfur trioxide variations with different radii
•

Up to now the decomposition of sulfur trioxide is analyzed at one single temperature (870oC). In
order to get a complete understanding of decomposition of sulfur trioxide the analysis needs to
be done at different temperatures. Different simulation cases have been run for different wall
temperatures range from 625 to 1000oC with keeping all the input values and boundary
conditions same. Percentage decomposition of sulfur trioxide for different wall temperatures is
tabulated below.
Table 4: Percentage decomposition of sulfur trioxide for different wall temperatures
Wall temperature

Mass fraction of SO3

%Decomposition

K

C

Inlet

Outlet

SO3

875
900

602
627

0.8164
0.8164

0.6204
0.5936

24.011
27.286

950
1000
1050
1100
1150
1200
1250
1275

677
727
777
827
877
927
977
1002

0.8164
0.8164
0.8164
0.8164
0.8164
0.8164
0.8164
0.8164

0.5743
0.567
0.5633
0.5606
0.5583
0.5561
0.5539
0.5529

29.659
30.549
31.005
31.331
31.616
31.886
32.15
32.281
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•

The percentage decomposition of sulfur trioxide on y-axis and wall temperatures on x-axis is
shown in Figure 14.

Figure 14: The percentage decomposition of sulfur trioxide at different wall temperatures

2.2 Scaled HTHX Tests (PI: Samir Moujaes, UNLV)
2.2.1 Scaled HTHX Tests Objective and Scope
The Scaled HTHX Tests have the following objectives and scope:
• It is proposed that an experimental facility be constructed at UNLV. This facility would provide
needed experimental validation results to the numerical simulation effort going on within the
UNLV Research Foundation consortium. The effort at UNLV will be geared towards the design,
testing, and optimization of a High Temperature Heat Exchanger (HTHX) Experimental Facility
which will be used as part of the effort by DOE to investigate the possibility of generating
hydrogen by thermo chemical means at high temperatures using heat from a nuclear reactor as
the heat source.
• The experimental set up will be a prototype of the actual HTHX. Initially experiment will be run
at lower temperatures and with different candidate fluids but with the same flow properties. In
final stage the experiment will be run with actual candidate fluids.
• Determining the thermal properties of some of the fluids and solids used in the HTHX.
• Comparing the experimental results with CFD model.

2.2.2 Scaled HTHX Tests Highlights
•

Heat Exchanger Work Package. The UNLV Research Foundation approved a new work
package and submitted on the PICS system for National Technical Director and DOE approval.
The contract will be initiated in the next quarter.
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•

Personnel. One Ph.D. candidate and one M.S. graduate student has been identified for the
project. Mechanical Engineering professors Samir Moujaes and Robert Boehm will supervise
the research. A search is underway for a post-doctoral researcher.

•

Surrogate Fluids. Preliminary investigations were conducted in search of appropriate
alternative fluids for Molten Salt and High Pressure Helium by matching Reynolds and Prandtl
numbers. Low pressure water appears to be a potential candidate for Flinak.

2.2.3 Scaled HTHX Tests Technical Summary
Model Development
•
•
•
•

•
•

A significant effort is proceeding in surveying the literature related to the HTHX was done.
Investigation on the search of alternative fluids for Molten Salt and High Pressure Helium. Due
to the corrosive nature of molten salt and the fluids are operated at high pressures which are not
desirable for the experimental setup.
Water at room temperature and helium at 300 C are assumed as candidate fluids as the water is
have good thermal properties when compared to the other liquids, and oils.
Matching the Reynolds number and Prandtl number of the actual coolants candidates (Flinak
and High Pressure Helium at 775 0 C) with experimental coolant candidates (Water and Helium
around 300 0 C) by assuming the same diameter and velocity but at the lower temperatures.
Properties of the actual and experimental condition are shown in Table 5.
The heat exchanger model for the basic design was obtained from CFD team UNLV. Shown in
Table 6.
Calculations of the pressure drop and heat transfer coefficient was done using the following
equation from Kays and London, heat and data for flow normal to blanks of finned tubes, fin
pattern number 11.32 - .737-SR Ref[1].

∆P =

G2
2ρ i


 ρi

ρ 
A ρi
2
− 1 + f
− (1 − K e − σ 2 ) i 
( K c +1 − σ ) + 2
Amin ρ
ρo 
 ρo



 h  µC p  2 / 3 
  = 0.0163
StPr =  o 
 Gc C p  K  
Some calculated values of the pressure drop, coefficient and non dimension numbers are in the
appendix.
2/3

Experimental Setup

•

The initial experimental setup would consist of a compact heat exchanger with two loops,
heating and cooling loops as shown in Figure 15. The components in heating loop are heating
coil, compressor and other measuring devices to get the thermal properties. The components in
cooling loop are cooling device (initially air cooled fins are suggested), pump and measuring
devices.
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•
•
•
•

There are two channels one for water and the other for helium, the velocity of the flow would be
16.9786 m/s at 325 C for helium and 0.138 m/s at 25 C for water. The length of the heat
exchanger would be the actual length which is 1 m.
Detail dimensions of the compact heat exchanger are shown in Figure 16.
The material used for the compact heat exchanger would be either MI or PIP composite material
(not yet decided).
Comparing the pressure drop and heat transfer coefficient with the CFD results using the
experimental data. Shown in Figures 17 and 18.

Future work:

•
•
•
•
•

Calculating the pressure drop across the heating loop and the cooling loop.
To design the desired pump, compressor, heating and cooling devices.
To get the information on the composite material for constructing the compact heat exchanger
and get quote from the composite materials vendor.
Set up the experimental model.
Find the appropriate devices to measure the thermal properties.
Table 5. Actual and experimental conditions
ACTUAL CONDITIONS

EXPERIMENTAL CONDITIONS

Helium side:
At T= 816° C, p= 7.06 MPa
ρ=3.082 kg/m3;
µ=4.91•10-5 kg/(m⋅s);
k=0.38679 W/(m⋅K);
Cp=5,193 J/(kg⋅K).

Helium side:
At T= 325° C, p= 0.1 MPa
ρ=0.08282 kg/m3;
µ=3.11•10-5 kg/(m⋅s);
k=0.225 W/(m⋅K);
Cp=5,200 J/(kg⋅K).

MS side (FLiNaK molten salt):
At T= 775° C, p= 0.1 MPa
ρ=1,939.85 kg/m3;
µ=0.0021214 kg/(m⋅s);
k=4.5 W/(m⋅K);
Cp =1,882.8 J/(kg⋅K).

Water side:
At T= 25° C, p= 0.00317 MPa
ρ=997.0 kg/m3;
µ=0.0008905 kg/(m⋅s);
k=0.6071 W/(m⋅K);
Cp =4183 J/(kg⋅K).

LSI side:
ρ=2,000 kg/m3;
k=20 W/(m⋅K);
Cp =1,000 J/(kg⋅K).

Inlet parameters:
He side - u=16.9786 m/s;
T=325 C;
Water side - u=0.138 m/s;
T=25 C;

Inlet parameters:
He side - u=16.9786 m/s;
T=1273.03 K;
MS side - u=0.1692 m/s;
T=833.20 K.

Outlet parameters:
He side - p=0.1 Mpa;
Water side - p=0.00317 Mpa;

Outlet parameters:
He side - p=7.06 Mpa;
MS side - p=0.1 Mpa;
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Table 6. Heat Exchanger Channel Dimensions for Baseline Design
Geometric parameters

Helium side (mm)

Molten salt side (mm)

Fin length (l)

10

10

Channel height (h)

2

1

Fin thickness (t)

0.75

1.25

Pitch in flow direction (Py)

12

12

Pitch in span wise direction (Px)

3

3

Radius of bottom roundings (r)

0.325

6.25

Experimental Setup
Compressor

Q in

Heat Exchanger
He (325°

Heating Coil
H2O (25°

Cooling Device

Q out

Pump
Figure 15. Experimental Setup
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Figure 16(a) Compact Heat Exchanger Prototype

Figure 16(b) Fin structure on the helium side and the water side
37 sections,
Total length = 0.888 m
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Figure 17. Pressure drop across the heat exchanger
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Figure 18. Temperature distributions across the heat exchanger
Appendix
Following are the flow properties and non-dimensional numbers of water at 25 C

Velocity = 0.138193 mt/s
Pressure Drop for different lengths (L = 0.25, 0.5, 0.75, 1)mt are as follows
Presure Drop = 1.7822e+013 N/m^2
Presure Drop = 3.5445e+013 N/m^2
Presure Drop = 5.30679e+013 N/m^2
Presure Drop = 7.06909e+013 N/m^2
Heat Transfer Coefficient = 7.4479e+008 W/(m^2-K)
Reynolds Number = 393.762
Prandtl Number = 3.34746
Nusselt Number = 3.1222e+006
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Following are the flow properties and non-dimensional numbers of helium at 325 C

Velocity = 400.201 mt/s
Pressure Drop for different lengths (L = 0.25, 0.5, 0.75, 1)mt are as follows
Presure Drop = -1.33558e+014 N/m^2
Presure Drop = -1.20517e+013 N/m^2
Presure Drop = 1.09454e+014 N/m^2
Presure Drop = 2.3096e+014 N/m^2
Heat Transfer Coefficient = 6.1395e+008 W/(m^2-K)
Reynolds Number = 4513.43
Prandtl Number = 0.80257
Nusselt Number = 1.15559e+007
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3.0 UNLV Materials Selection and Characterization Group (PI: Ajit Roy,
UNLV)
3.1 Introduction
Selection of structural metallic materials and alloys for high-temperature heat exchangers (HTHX) to
generate hydrogen using nuclear power source poses a major challenge to scientific and engineering
communities. These materials must possess excellent resistance to numerous environment-induced
degradation and superior high-temperature metallurgical properties. Three different water splitting
cycles namely, sulfur-iodine(S-I), calcium-bromine (Ca-Br) and high-temperature electrolysis (HTE)
have recently been proposed to generate hydrogen. A brief description of each cycle has been given in
the preceding quarterly reports.
Since the inception of this project, experimental work involving three nickel-base alloys, namely Alloy
C-22, Alloy C-276 and Waspaloy has been ongoing. Tensile properties of all three alloys have been
determined at ambient temperature, 450 and 600oC in the presence of nitrogen using the existing MTS
machine at UNLV’s Mechanical Engineering Department. Further, the evaluations of the stress
corrosion cracking (SCC) susceptibility of all three alloys in a 90oC aqueous solution containing sulfuric
acid and sodium iodide at constant load and slow-strain-rate, respectively have been performed. More
recently, the evaluations of the tensile properties and SCC susceptibility of Incoloy 800H have been
initiated. Fractographic evaluations of the tested specimens by scanning electron microscopy (SEM) are
also ongoing.
Evaluations of the surface characteristics of coupons tested at the General Atomics (GA) Laboratory by
SEM have also been initiated. Based on the screening tests performed at GA, a several materials have
been identified for investigation at UNLV. Procurement and sample preparation of these materials are
in progress. These materials include Niobium (Nb)-1 Zirconium (Zr), Nb-7.5 Tantalum (Ta), and Zr
705.

3.2 Accomplishments
●

SCC testing of Alloy C-22, Alloy C-276 and Waspaloy in an aqueous environment containing
sulfuric acid and sodium iodide at 90oC using the slow-strain-rate (SSR) technique is complete.
Future SSR testing will be performed under anodic and cathodic applied potentials to develop
mechanistic understanding of failure of all three alloys.

●

SCC testing under constant-loading condition involving smooth and notched cylindrical
specimens of all three alloys has been completed in a similar aqueous environment.

●

Localized corrosion studies using cyclic potentiodynamic polarization (CPP) technique has
been initiated in a similar environment.

●

SCC testing of Incoloy 800H using both constant-load and SSR techniques is in progress in a
similar environment.
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●

The high-temperature autoclave system for corrosion study will be available sometime in May
2005. The delivery of the Instron equipment for elevated temperature tensile testing will be
delayed until June 2005.

●

Significant interactions are ongoing with research personnel at the GA research facility.
Several students recently visited the GA laboratories to understand the fundamental and
practical aspects of the S-I cycle used in nuclear hydrogen initiative. Some of these students
will be performing experiments at the GA laboratories during this coming summer.

●

SEM evaluation of corrosion coupons tested at GA is in progress. Tensile properties evaluation
using cylindrical specimens of Zr 705 is ongoing at ambient and elevated temperatures.

●

Materials procurement and sample preparations are in progress for evaluation of the desired
metallurgical and corrosion properties.

●

A manuscript based on the current test results is in preparation for journal publication. Several
technical papers are also scheduled to be presented at conferences soon.
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4.0 University of California, Berkeley (PI: Per Peterson, UCB)
4.1 Objectives and Scope
UCB’s role in the HTHX project is to develop ceramic compact heat exchangers for use in NGNP
intermediate loop and hydrogen production loops. The work scope includes: identification and
characterization of candidate ceramic heat exchanger materials and processes, identification and
demonstration of candidate ceramic heat exchanger fabrication methods, and, design and modeling of
high temperature heat exchangers.

4.2 Highlights
•
•
•
•

Melt Infiltration (MI) material high pressure helium permeation testing verified very good
helium hermeticity of several types of MI composite materials;
Young’s modulus of three types of MI materials were measured;
Test coupons made of FR-SiSiC, SB-SiSiC, and BioKer were sent to GA for HI corrosion tests;
Whole HX plate isothermal stress analysis has been updated with new material properties.

4.3 Technical Progress Summary
LSI C-C/Si-C composite and other composite material study
Due to the delay of putting in place a $50k sub-award to a composite vendor for necessary composite
material support, the vendor-supported portion of the materials study work could not be pursued during
the past quarter. During this period, UCB experimental work focused on LSI composite helium
permeation testing and mechanical property testing with samples provided by DLR, Germany.
The third batch of test coupons was received from DLR. The coupons are pitch based carbon fiber
reinforced SiSiC (BioKer). The fiber volume content is about 40%. Helium permeation test was finished
on these coupons and the results show very good hermeticity.
Young’s moduli were measured for carbon fiber reinforced SiSiC (FR-SiSiC), splint based SiSiC (SBSiSiC) and pitch based carbon fiber reinforced SiSiC (BioKer) by using strain gauge. The same test
fixture for the helium permeation was used for the mechanical property measurement as shown in Fig.
19. The strain gauge was mounted on the center of the test coupon (Fig. 20). The stress on the center
3∆pR12 
R12
R2 
surface can be calculated by: σ c =
4 − (1 − υ ) 2 + 4(1 + υ ) ln  ,
2
8h 
R2
R1 

1−υ
σc ,
E
the Young’s modulus can be calculated. From the materials properties received from DLR, the Poisson
ratio is about 0.2 and can be assumed constant. Fig. 22 shows measured Young’s modulus for splint
based SiSiC. The following table summarizes some typical MI material properties.

Fig. 21 shows the parameters’ definition. From the relationship between strain and stress: ε c =
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MI Material

Density
kg/m3

Young’s modulus
GPa

Failure stress
MPa

2523

325

270

2932

450

224

Pitch based SiSiC

2600

298

200

Short fiber reinforced SiC

2000

60

90 - 140

Carbon fiber reinforced
SiSiC with coating
Splint based SiSiC

Fig. 19 UCB helium permeation test fixture.

Fig. 20 Mounted stain gauge on the center surface of a test coupon.
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Fig. 21 Parameter definition for calculating stress distribution
Young's Modulus of Splint Based SiSiC
600

550

Failed under 224 MPa

Young's Modulus [GPa]

500

450

400

350

300

250

200
50

75

100

125

150

175

200

225

Maximum Stress [MPa]

Fig. 22 Measured Young’s modulus with the maximum tensile stress at the coupon center
Three test coupons were prepared made of FR-SiSiC, SB-SiSiC, and BioKer, respectively, and the
coupons were sent to GA for HI corrosion tests.

Thermal design study and review
Previous HX mechanical stress analysis assumed HXs will use short fiber reinforced SiC material. The
Young’s modulus for short fiber reinforced SiC (60 GPa) is much less than the current SiSiC material
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under study. The isothermal stress analysis basing on 330 GPa (FR-SiSiC) modulus subject to 10 MPa
ambient pressure load was repeated. The equivalent moduli values seem to scale from the 60 GPa
values. The whole HX stress analysis shows that the maximum compressive stress for the 330 GPa
modulus is almost doubled relative to the result for the 60 GPa modulus. The maximum compressive
stress is 160 MPa and the maximum tensile stress is 85 MPa, which is still much less than the material
tensile strength 200+ MPa. Figures 23 and 24 show the compressive and tensile stresses distributions in
a counter-flow heat transfer region unit cell.

Fig. 23 Compressive stress distribution in a unit cell

Fig. 24 Tensile stress distribution in a unit cell
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5.0 Corrosion Studies of Candidate Structural Materials in HIx Environment
as Functions of Metallurgical Variables (PI: Bunsen Wong, General
Atomics)
5.1 Research Progress and Accomplishments
The level 2 milestone for task 2 “Complete Installation of Test Apparatus for the Studies on the Effect of
Materials Processing on Corrosion Properties and Initiate Testing” has been reached.
Task 1: Construction Materials Screening
Milestone 1: on track
Screening of material coupons has been completed. In this quarter, 16 different material candidates were
screened, 7 more than originally planned. This was accomplished by using a dual chamber capsule so
that 2 coupons can be tested at the same time (Figure 25).
In all, a total of 22 different materials have been screened at the boiler condition (Table 7). Some of the
coupons were also screened at the lower temperature feed condition. A summary of the corrosion
performance of the coupons in HIx is listed in Table 7. The Nb and Ta based alloys all performed well
and will undergo further testing. Another refractory, Mo, did not exhibit adequate corrosion resistance as
it lost weight during test (Figures 26 and 27). Weight loss of MoRe was acceptable but it is still not as
good as Ta and Nb alloys. Table 8 summaries the weight loss on some of the coupons tested.
Both zirconium coupons, Zr702 and Zr705(Figure 28) show signs of corrosion pitting and some
dissolution. The normally corrosion resistant superalloys such as Hastelloy C-276 (Figure 29) and
Haynes 188 have shown severe weight loss through dissolution. Hence, all these materials are not
suitable for this application.
The SiC based ceramic materials have demonstrated that they are also suitable for HI decomposition
heat exchanger applications. Three different varieties of SiC were tested: two sintered samples and one
fabricated by Chemical Vapor Deposition(CVD). They all performed well in the liquid HIx environment
and will undergo more long term testing. The Si-inflitrated SiC coupons also are resistant to HIx liquid
but there is minor absorption of HIx by the specimens during the test. Analysis of the degree of
absorption will be conducted.
Although the extruded graphite rod that was tested HIx did maintain its structural integrity, it absorbed a
large amount of liquid and resulted in a final weight gain of 20%. The application of graphite will be
extremely limited.
Task 2: Processing Effects on Corrosion Properties
Milestone 2: completed
The test system has been installed (Figure 30) and dry runs have also been completed. The vessel in this
system has a diameter of 3.25”. It can thus accommodate not only coupons but larger specimen such as
tensile and Double Cantilever Beam (DCB). There is a thermal well in the glass capsule to
accommodate a thermocouple (Figure 31). Hence, direct feed back of the HIx temperature during test
can be obtained. Figure 32 shows a plot from a dry run showing the difference between the furnace
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controller set temperature and a thermal couple inside the glass capsule thermal well. Testing of stress
specimens will begin in early April.

glass
divider

Figure 25. A dual chamber test capsule.
a

b

Figure 26. Nb-1Zr coupon (a) before and (b) after a 120 hour test
in HIx at the boiler condition.
a

b

Figure 27. Mo coupon (a) before and (b) after a 120 hour test
in HIx at the boiler condition.
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a

b

Figure 28. Zr705 coupon (a) before and (b) after a 120 hour test
in HIx at the boiler condition.
a

b

Figure 29. Hastelloy C-276 coupon (a) before and (b) after a 120 hour test
in HIx at the boiler condition.
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Figure 30. Test system 2 with a 3.5” ID stainless steel vessel.

Thermocouple
well

Figure 31. New glass capsule with an added thermal well for direct thermocouple
measurement of HIx temperature.

37

The furnace controller temperature vs. temperature inside the glass
capsule thermal-well
350
Thermal-well

300
250
200
150
100
50
0
0

50

100

150

200

250

300

350

400

Furnace Controller (C)

Figure 32. Dry run showing the difference between the furnace temperature controller
and the temperature measured by the thermocouple inside the thermal-well inside of the
glass capsule.

38

Table 7. Summary of all the coupons tested in HIx.

Poor:
Fair:
Good:
Excellent:

Materials

Boiler

Feed

1

Ta

Good

Good

2

Ta-10%W

Excellent

Excellent

3

Ta-40%Nb

Excellent

Excellent

4

Nb

Good

-

5

Nb-1%Zr

Excellent

Good

6

Nb-7.5%Ta

Fair

Good

7

Nb-10%Hf (C103)

Excellent

Excellent

8

Zircalloy 702

Poor

Poor

9

Zircalloy 705

Poor

-

10

Mo

Poor

-

11

Mo-47Re

Fair

-

12

graphite

Poor*

-

13

C-276

Poor

-

14

Haynes 188

Poor

-

15

SiC (sintered)

Good

-

16

Ceramatec SiC (sintered)

Excellent

-

17

SiC (CVD)

Excellent

Excellent

18

Bioker 29 Si-SiC

Good

-

19

Splint Si-SiC

Good

Good

20

Fused Si-SiC

Good

-

21

Alumina

-

Fair

22

Mullite

Excellent

-

severe corrosion - dissolution and pitting
mild corrosion - localized oxidation, uneven passivation
distinguish color change due to passivation
very minor change in color due to passivation

Column Reactants
1. Feed HIx
2. Column Boiler

Test Conditions
260°C and 120bar
310°C and 120bar

Mole Fraction (Weight Fraction)
HI
I2
H2O
0.10 (0.084) 0.38 (0.813) 0.52 (0.079)
0.02 (0.062) 0.89 (0.982) 0.09 (0.007)
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Table 8. Weight change of coupons tested in HIx.
Coupons

Test Conditions

Weight Change

Nb-7.5Ta

Feed 100hours

0.01%

Nb-7.5Ta*

Boiler 100 hours

-0.09%

Ta

Feed 100hours

0.00%

Ta

Boiler 100 hours

0.00%

Ta-40Nb

Feed 100hours

0.00%

Ta-40Nb

Boiler 100 hours

0.01%

Zr702

Feed 100hours

0.01%

Zr702

Boiler 20 hours

-1.77%

Zr705

Boiler 120 hours

-2.11%

C-276

Boiler 120 hours

-31.10%

Mo

Boiler 120 hours

-13.1%

Mo-47Re

Boiler 120 hours

-0.1%

Graphite

Boiler 120 hours

+20.0%

Mullite*

Boiler 68 hours

-0.83%

* weight reduction is mainly due to specimen damage from handling
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6.0 The Development of Self Catalytic Materials for Thermochemical Water
Splitting Using the Sulfur-Iodine Process (PI: Ronald Ballinger, MIT)
6.1 Introduction
The Sulfur-Iodine process, as it is currently envisioned, will require that an H2SO4 decomposition
reaction be accomplished over the temperature range from 450-850°C. After decomposition the reaction
SO3⇒ SO2 + ½ O2
Must be promoted using a suitable catalyst. The higher temperature will push existing materials to the
limits of their capability. In the temperature range of interest the catalyst is normally a noble metal such
as platinum. In most cases the reactions are performed in some form of packed bed in which the
structural material is separated from the catalyst. In the case of NGNP concepts, however, the heat
source will be either helium or a molten salt which will be delivered through a heat exchanger
arrangement. Arrangements that have been proposed include classical shell and tube designs as well as
compact plate-fin and printed circuit designs. Materials of construction will include metallic in the short
and intermediate term with the potential for ceramic based designs in the longer term. With respect to
the heat exchanger configuration, due to the amount of energy that must be transferred-in excess of
150MW-compact configurations will be mandated. Additionally, there is the potential for a significant
reduction in overall system size if the functions of the heat exchanger can be combined with the catalyst.
The purpose of this program is to develop a material that can act as both the structural material for the
heat exchanger and the catalyst for the acid decomposition reaction.
The general approach for the development process is to focus on an alloy system that would normally be
considered for the acid decomposition reaction and to modify this chemistry via the addition of a
catalytic element. The program is focusing on the alloy-800HT and alloy systems with the incorporation
of Platinum as an added element to the base chemistry. Several alloy chemistries will be produced, first
in small “button” quantity form, and then in larger small heat size form that can be fabricated into useful
shapes for characterization and analysis-both metallurgically/mechanically and for catalyst
effectiveness. Lastly, depending on the results of the initial development process, material will be used
to fabricate a small heat exchanger for actual testing.
This task will be performed in 4 subtasks: (1) Material chemistry identification, procurement and
metallurgical characterization, (2) Catalyst effectiveness determination, (3) mechanical properties
determination and (4) prototypic shape fabrication and testing. The following are descriptions of the
tasks. They are identified indexed to the larger consortium proposal in which the catalyst work is
identified as Task 3.

6.2 Subtask 1: Material Chemistry Identification, Alloy Procurement and
Metallurgical Characterizations
The program has focused on this subtask during this quarter. A series of alloy 800HT plus Pt and alloy
617 plus Pt alloys have been defined, melted and the as-cast structure characterized during this quarter.
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Alloy Development

Alloy 800 Plus Platinum Alloys
Alloy-800 +Pt alloy buttons were obtained from Huntington Alloys (Division of Special Metals, Inc.,
Huntington West VA). The Base chemistry of Alloy 800 is as follows (in wt%): 21Cr-32.5Ni-0.38Ti0.38Al-0.05C-Bal Fe. The Alloy 800-Pt compositions are Alloy-800 plus 2Pt, 5Pt, 15Pt, and 30Pt with
the Fe concentration reduced as Pt is added. These materials have been characterized in the as-cast
condition prior to conversion to wrought material by a series of rolling/annealing steps.
Samples of each material were mounted and polished using standard metallographic techniques. It was
anticipated that chemical or electrochemical etching of these materials would be difficult due to the
presence of both dissolved Pt and the probable presence of Pt-based precipitates. Indeed the presence of
Pt in the alloys manifests itself by making the surfaces very electroactive. In the case of the high Pt
alloys the presence of second phase precipitates that are very cathodic to the matrix material made
etching difficult. Initial etching practice involved the use of glyceregia (3 parts glycerol, 3 parts HCl, 1
part HNO3) on the cast Alloy 800 HT + 2% Pt sample. Though glyceregia works well as a mild etchant
for Fe-Ni base super alloys, it created corrosion artifacts on the surface of the above mentioned sample
within 10 seconds. In order to gain more control over the etching process, the 2% Pt sample was repolished and etched with a weak glyceregia etchant (12 parts glycerol, 3 parts HCl, 1 part HNO3). The
weaker etchant allowed for the development of a high quality as-cast microstructural image of the 2% Pt
sample by slowing the etching process. The same weak glyceregia etchant was used to etch the 5% Pt
sample and produced good results for imaging. For the cast samples containing 15% and 30% Pt the
etchant was weakened again by a factor of 2 (24 parts glycerol, 3 parts HCl, 1 part HNO3).
The etched microstructure of each cast sample was imaged at 50X, 100X, and 200X. Figures 33-36
show micrographs at 100X magnification. These images show that the microstructure of each cast
sample is composed of a dendritic structure as would be expected. The clarity of the inter-dendritic
boundaries decreases as the mass percent of platinum increases within the material. This is indicative of
the role that the increasing amount of a noble metal (Pt) is having on corrosion resistance. Relatively
few inter-dendritic boundaries were developed in the 30% Pt cast sample compared to the other samples.
Orange blocky particles between 1-15 µm in size are present in each microstructure. The size shape and
color of these deposits indicate that they are probably titanium carbonitrides. In many cases, these
carbonitrides are aligned in rows that indicate solidification patterns within the dendritic
microstructures.
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Figure 33. Alloy-800 + 2% Pt Micrograph, 100X

Figure 34. Alloy 800+ 5% Pt Micrograph, 100X
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Figure 35. Alloy 800 + 15% Pt Micrograph, 100X

Figure 36. Alloy 800 + 30% Pt Micrograph, 100X.
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Alloy 617 Plus Platinum Alloys
A series of alloy 617 plus Pt alloys were obtained from Huntington Alloys (Division of Special Metals,
Inc., Huntington West VA). The base chemistry of alloy 617 is (in wt%) 22Cr-55Ni-12.5Co-9Mo0.07C. The alloys were melted with a nominal 2, 5, 15, and 30 wt% Pt content respectively.
Samples of each material were mounted and polished using standard metallographic techniques as
described in the alloy 800 description. The etched microstructure of each cast sample was imaged at
50X, 100X, and 200X. Figures 37-40 show micrographs at 100X magnification. These images show
that the microstructure of each cast sample is composed of a dendritic structure as would be expected.
However, unlike the alloy 800 plus Pt alloys, the interdendritic structure is more pronounced. The
clarity of the inter-dendritic boundaries decreases as the mass percent of platinum increases within the
material for the same etching conditions. This is indicative of the role that the increasing amount of a
noble metal (Pt) is having on corrosion resistance.

Figure 37. Alloy-617 + 2% Pt Micrograph, 100X
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Figure 38. Alloy 617+ 5% Pt Micrograph, 100X

Figure 39. Alloy 617 + 15% Pt Micrograph, 100X
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Figure 40. Alloy 617 + 30% Pt Micrograph, 100X.
Further characterization of the as-cast structures was not deemed as being necessary since the materials
will be used in the wrought condition.

6.3 Subtask 2: Catalyst Effectiveness Determination
Facility Construction

The catalyst effectiveness system has been designed and procurement is in progress for the major
components. Figure 41 shows a schematic of the system. Table 9 shows the current ststus of
component detail. The system is based around the HP 6890 Gas Chromatograph. This component is
now in house. Work is now in progress to procure the remaining components and to assemble the
catalyst effectiveness system. The PI visited the ORNL on January 10-11 for discussions related to the
design of this system and visited the INL on January 17-18 for discussions related to this system. At
ORNL discussions were had with Dr. Steven Overbury and Chaitanya Narula regarding system design.
Dr. Overbury’s system is based on the use of a standard gas chromatography system while Dr. Narula’s
system is based on a species specific system centered on instrumentation provided by Rosemount
Instruments. Dr. Narula has a background in automotive catalyst development which includes
experience with the SO3→SO2 + 1/2O2 reaction. At the INL discussions were had with Dr. Daniel
Ginosar who has a parallel program to look at catalytic effectiveness for more traditional configurations.
Based on these discussions, and after discussions with two potential vendors for instrumentation, we
have decided to use a system based around the HP 6890 Gas Chromatograph. Additionally, the starting
material will be H2SO4. We will perform a decomposition step where the SO3 will be generated prior to
feeding the products to the catalyst section. The SO3→SO2+1/2O2 reaction is the reaction that requires
catalytic enhancement and, as such, is the key reaction to be investigated.
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An agreement was made with Dr. Ginosar to supply him with some of our material so that he can do
duplicate measurements to confirm those that we will be making.

Figure 41. Schematic of Catalyst Effectiveness System
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Table 9. Catalyst Effectiveness System: Current Component Detail
Catalysis System Components
Dwg Ref No.
Component
Vendor
Part No.
Contact Info
1
1/8" OD, 1/16' ID, Teflon PTFE tubing McMaster-Carr
5239K24
Tel: (732) 329-3200
2
1/4" OD, .21" ID, 316 SS tubing
McMaster-Carr 89995K288 Tel: (732) 329-3200
3
1/8" OD, .055" ID, Sulfinert tubing
Restek
22508
Tel: (800) 356-1688
4
1/4" OD, .180" ID, Sulfinert tubing
Restek
22509
Tel: (800) 356-1688
5
Electrical wiring
Lab
N/A
N/A
6
Thermocouple
Omega
7
Regulator
Lab
N/A
N/A
8
1" x 2', Heat tape w/ % controller
Omega
HWTC101-002 1800-TC-OMEGA
9
Plastic ball valve
McMaster-Carr
Tel: (732) 329-3200

Quantity Price / Unit
25 ft
$0.66/ft
6 ft
$25.46 / 6 ft
10 ft
$18.75 / ft
5 ft
$18.75 / ft
10 ft
N/A
3
1
N/A
1
$100.00
4

10

Check valve

3 (2 plastic,
1 sulfinert)

11
12
13
14
15
16

Relief valve
He gas flow controller
He tank
Parastaltic pump
Insulation
Quartz boiling chamber

2
2
1
1
1
1

17

Denstones

18
19
20
21
22
23
24
25
26

Tube furnace
Quartz reaction chamber
Test specimen
Quartz specimen tray
75 wt% H2SO4 and beaker
H2SO4 collection beaker
Hot plate
Gas Chromatograph
Variac

MKS
BOC
Cole Parmer
Technical glass
Saint-Gobain
NorPro Ceramic
Sales
Lindburgh
Technical glass
N/A
Technical glass
Aldrich, Lab
Lab

Total
$16.50
$25.46
$187.50
$93.75
$0.00
$0.00
$100.00

4 oz
1
1
N/A
1
N/A

Agilent
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N/A

1
1
1
2

N/A

$0.00

6.4 Subtask 3: Mechanical Properties Determination
No progress was made on this task during this reporting period.

6.5 Subtask 4: Prototypic Shape Fabrication and Testing
Compact Heat Exchanger Application

Contact has been made with the Heatric company regarding the possibility of manufacturing
a small heat exchanger module using one or more of the alloys being developed in the
program. The contacts are Mr. Colin Grady and Mr. Stephen Dewson. They have indicated
that there should be no problem in making the modules. We will work with Heatric and the
Special Metals company to define the proper form for the material to be in. We are working
on getting costing information for the fabrication.
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7.0 Development of an Efficient Ceramic High Temperature Heat
Exchanger (PI: Merrill Wilson, Ceramatec, Inc.)
7.1 Program Scope and Objectives
The objective of this research is to assess the technical feasibility and economic viability of
using ceramic and/or ceramic composite based materials for high temperature heat
exchangers. The technical feasibility will be addressed through:
• Materials design, wherein the corrosion, mechanical and thermal properties of
preferred materials will be evaluated, and
• Heat exchanger design, wherein the heat, mass and mechanical design issues are
numerically modeled and validated through empirical testing.
The economic viability will be assessed through cost models based on the above designs and
common ceramic manufacturing practices.

7.2 Program Highlights
•

•
•

A preliminary list of candidate ceramic materials has been selected based on the
material, thermal and mechanical properties of these materials. In conjunction with
this effort, Charles Lewinsohn of Ceramatec, Inc. attended a materials review meeting
at Oak Ridge National Lab (Feb. 10, 2005) and will be working with other team
members to draft a document defining the R&D needs for the Thermochemical
Process.
Revision 1.0 designs have been established for the gas to gas components of the
sulfuric acid decomposer in the SI process. A plan has been set forth in collaboration
with UNLV to analyze and test these designs.
Initial silicon carbide corrosion samples have been delivered to General Atomics (HIx
exposure) and Sandia National Labs (sulfuric acid exposure). The visual results for
the HIx exposure tests indicate that silicon carbide does not corrode in HIx solutions.
The sulfuric acid test coupons are slated to be tested in May.

7.3 Research Accomplishments
Task 1. Materials Design Workplan

The sub-task to identify the materials design parameters is complete. These critical material
design issues are: manufacturability/cost, corrosion resistance, thermal conductivity, thermal
shock resistance, creep resistance, strength and reliability. Required material design
parameters were also defined, see Table 10. Actual strength requirements are dependent on
specific design features and operating conditions.
Table 10. Required Material Design Parameters
Parameter
Required value
Thermal conductivity
< 30 W/m-K
Strength
Sufficient to provide 100 MPa allowable

51

Probability of Failure
Corrosion rate
Thermal shock parameter
Creep rate

stress
1 x 10-6
≈ 3.75 x 10-9 m/h
0.1 – 5 kW/m2
< 3.1 x 10-11 m/min

Various literature resources discussing the mechanical and corrosion properties of candidate
ceramic materials for heat exchanger applications have been reviewed. Table 10 was be used
to select materials for additional study. The current list of candidate materials that will be
evaluated, therefore, is:
•
SiC
MoSi2
•
Ti3SiC2
•
Si3N4
•
Al2O3
•
SiAlON
•
Cordierite
•
Preliminary corrosion samples have been delivered to General Atomics (HIx testing) and
Sandia National Labs (SI testing). These initial tests include visual analysis and weight
gains. Subsequent tests will involve strength testing of exposed samples. The samples
delivered to General Atomics have good corrosion resistance as indicated by visual
inspection. These results can be found in Figure 42. The Sandia samples are scheduled to be
tested within the next few months.

new

new

120hours

120hours

a) CVD Silicon Carbide
b) Ceramatec Sintered Silicon Carbide
Figure 42. Corrosion Performance of Silicon Carbide Exposed to HIx Environments
Task 2 High Temperature Heat Exchanger Design and Validation

The flow sheet for the 15 atm and the 70 atm SI processes has been received from B. Wong
of General Atomics. After meeting (Jan. 24, 2005) with General Atomics and Sandia
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National Labs, it was determined that Ceramatec, Inc. would focus its initial development
work on the gas to gas heat exchangers in the SI catalytic decomposer section of the process.
The simplified process conditions are illustrated in Figure 43.
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He

He

450C
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505C

715C

H20, SO2, O2, SO3
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950C
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Figure 43. Gas to Gas Unit Processes in the General Atomics SI Decomposition Process.
These three unit operations (Recuperator, Decomposer 1 and Decomposer 2) can be
conceptually integrated into one multi-staged compact heat exchanger. This design is
considered a “shell and plate” heat exchanger. It is similar to a shell and tube heat exchanger
except the primary surfaces are generated from a stack of plates verses a bundle of tubes.
This concept is seen in Figure 44.
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Figure 44. Multi-Stage Shell and Plate Compact Heat Exchanger
Given this overall concept, the Revision 1.0 design of the plates and the modular stacks has
been completed. This planar design includes gas manifolding features for each of the fluids,
sulfuric acid/steam blend to be thermally decomposed, decomposed sulfuric acid product
stream and the helium heat transfer fluid. Other considerations are the flow distribution, gassolid-gas heat exchange efficiency and the thermo-mechanical durability of the structure.
These design issues will be resolved through a collaborative effort of Ceramatec, Inc.
(design, manufacture, and evaluation), and UNLV (Dr. Yitung Chen – Fluids, thermal and
structural modeling, Dr. Samir Moujaes – Empirical testing). The Revision 1.0 design of the
heat exchanger plate is found in Figure 45.
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He

a)

b)

Figure 45. Revision 1.0 Design of the Heat Exchanger Plate for the Shell and Plate Decomposer
a) Internal Sulfuric Acid Channel Flow, b) External He Heat Transfer Fluid Flow.
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